The bHLH (basic helix-loop-helix) transcription factor Mash1 is best known for its role in the regulation of neurogenesis. However, Mash1 is also expressed in oligodendrocyte precursors and has recently been shown to promote the generation of oligodendrocytes in cell culture, suggesting that it may regulate oligodendrogenesis as well. Here, we show that in the developing ventral forebrain, Mash1 is expressed by a subset of oligodendrocyte precursors (OPCs) as soon as they are generated in the ventricular zone. Using reporter mice, we demonstrate that a subset of OPCs in both the embryonic and postnatal forebrain originate from Mash1-positive progenitors, including a large fraction of adult NG2-positive OPCs. Using Mash1 null mutant mice, we show that Mash1 is required for the generation of an early population of OPCs in the ventral forebrain between embryonic day 11.5 (E11.5) and E13.5, whereas OPCs generated later in embryonic development are not affected. Overexpression of Mash1 in the dorsal telencephalon induces expression of PDGFR␣ (platelet-derived growth factor receptor alpha) but not other OPC markers, suggesting that Mash1specifies oligodendrogenesis in cooperation with other factors. Analysis of double-mutant mice suggests that Olig2 is one of the factors that cooperate with Mash1 for generation of OPCs. Together, our results show for the first time that Mash1 cooperates in vivo with Olig2 in oligodendrocyte specification, demonstrating an essential role for Mash1 in the generation of a subset of oligodendrocytes and revealing a genetic heterogeneity of oligodendrocyte lineages in the mouse forebrain.
Introduction
Glial cells play an essential role in the formation and activity of the CNS. New functions for astrocytes and oligodendrocytes have recently emerged, including in regulation of synaptic transmission and in adult neurogenesis (Doetsch, 2003; Newman, 2003; Lin and Bergles, 2004) . However, our understanding of the origin and heterogeneity of glial cells, and of the mechanisms that control their generation, is still very limited.
In the mouse, oligodendrocyte precursors (OPCs) are first identified in the ventral spinal cord at ϳ12.5 d of embryonic development [embryonic day 12.5 (E12.5)], and at approximately E13.5 in the ventral forebrain, by the expression of the specific markers platelet-derived growth factor receptor alpha (PDGFR␣), Olig1, and Sox10 (Pringle and Richardson, 1993;  Tekki- Kessaris et al., 2001) . OPCs are generated in the ventricular zone (VZ) and migrate extensively in the surrounding parenchyma while continuing to proliferate, upregulating later OPC markers such as NG2 and O4 (for review, see Rowitch, 2004) . Mature OPCs eventually leave the cell cycle and upregulate myelinating proteins such as the myelin basic protein (MBP), CNPase, and proteolipid protein (PLP) (for review, see Rowitch, 2004) . OPCs are also found in the adult CNS, where they have a more complex morphological appearance. These cells appear to be arrested at a precursor stage and constitute the main dividing cell population outside of the neurogenic regions (Dawson et al., 2003) .
Oligodendrocytes are generated at multiple locations by progenitors with different potentials (Parnavelas, 1999; He et al., 2001; Marshall and Goldman, 2002; Marshall et al., 2003; Zerlin et al., 2004) . In the forebrain, OPCs are initially produced from a ventral territory extending from the medial ganglionic eminence (MGE) to the anterior entopeduncular area (AEP) (Pringle and Richardson, 1993; Spassky et al., 1998; Tekki-Kessaris et al., 2001) . A later source of embryonic OPCs has recently been identified in the lateral and/or caudal ganglionic eminences (LGE/ CGE) (Kessaris et al., 2006) , whereas most OPCs generated at postnatal stages have been shown to originate from the dorsal telencephalon (Gorski et al., 2002; Kessaris et al., 2006) .
Important progress has been made in the characterization of the molecular mechanisms controlling the specification and dif-ferentiation of oligodendrocytes, with the discovery of the bHLH (basic helix-loop-helix) transcription factors Olig1 and Olig2. Mice mutant for Olig2 completely lack OPCs in the embryonic spinal cord whereas a few OPCs remain in the brain because of the compensatory activity of Olig1 (Lu et al., 2002; Zhou and Anderson, 2002) . Mice lacking Olig1 present defects in the differentiation of OPCs into mature oligodendrocytes (Xin et al., 2005) and in axon remyelination after lesions (Arnett et al., 2004 ). Another bHLH protein, Mash1, has also been implicated in oligodendrogenesis. Mash1 is broadly expressed by brain and spinal cord progenitors and plays a major role in neurogenesis (Casarosa et al., 1999; Helms et al., 2005) . However, Mash1 is also expressed in OPCs in the optic nerve and postnatal telencephalon (Kondo and Raff, 2000; Wang et al., 2001; Parras et al., 2004) , and in vitro studies have indicated that Mash1 can cooperate with Olig2 to activate the MBP promoter (Gokhan et al., 2005) . Furthermore, Mash1 null mutant mice lack some OPCs in the olfactory bulb at birth (Parras et al., 2004) . However, the exact function of Mash1 in oligodendrogenesis in vivo has remained to be addressed. Here, we have directly examined in vivo the role of Mash1 in oligodendrogenesis in the embryonic forebrain. We demonstrate that Mash1 is expressed in ventricular OPCs at the time of their specification and is required for the generation of an early population of OPCs, and we show that this function involves a genetic interaction with Olig2.
Materials and Methods
Trangenic mice. A Mash1::Cre transgene was generated from the bacterial artificial chromosome (BAC) RP24 -130P7 (Children's Hospital Oakland Research Institute, Oakland, CA) with the Mash1 coding sequence replaced by an IRES-EGFP (internal ribosomal entry site-enhanced green fluorescent protein)-Cre fusion cassette from the plasmid pIGCN21 (see Materials and Methods and supplemental Fig. 3 , available at www.jneurosci.org as supplemental material) by homologous recombination in bacteria as described in Lee et al. (2001) . This BAC contains 70 kb of sequence upstream and 100 kb of sequence downstream of the Mash1 coding sequence. The Mash1::Cre transgenic line was generated by pronuclear injection of the modified BAC. Transgenic embryos were genotyped by PCR; the upper primer was ATCCGAAAAGAAAACGT-TGA, and the lower primer was ATCCAGGTTACGGATATAGT, with 30 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 30 s. The following transgenic lines were used and genotyped using the protocols described in the references: Mash1 KO (Parras et al., 2002) , Olig2 KO (Lu et al., 2002) , Mash1
KINgn2 (Parras et al., 2002) , Ngn2 KIMash1 (Fode et al., 2000) , Mash1::GFP (Gong et al., 2003) (newborns were genotyped by GFP expression under a UV microscope), and Rosa26 stop-YFP (Srinivas et al., 2001 ). Mash1;Olig2 double mutant embryos were generated from double heterozygous mice.
Immunohistochemistry. Embryos and dissected embryonic brains were fixed for 30 min in 4% paraformaldehyde (Sigma, St. Louis, MO) at 4°C and cryoprotected in 20% sucrose. Samples were embedded in octopamine (BDH Chemicals, Poole, UK) and sectioned at 10 m sections with a cryostat (Leica, Nussloch, Germany) and then processed for immunohistochemistry or stored at Ϫ80°C. Postnatal and adult mice were perfused with chilled 4% paraformaldehyde. Brains were dissected out, processed as described above, sectioned at 30 -40 m with a cryostat, and labeled by immunohistochemistry as floating sections. Sections were incubated in a blocking solution [PBS plus 10% normal goat serum (Vector Laboratories, Burlingame, CA) and 0.1% Tween 20 or Triton X-100] and then with primary antibodies overnight at 4°C. The following primary antibodies were used: mouse monoclonal antibodies to adenomatus polyposis coli (APC; 1:200; Calbiochem, La Jolla, CA), Mash1 (1:10; a gift from D. J. Anderson, California Institute of Technology, Pasadena, CA), 2Ј3Ј-cyclic nucleotide 3Ј-phosphodiesterase (CNPase; 1:500; Millipore, Bedford, MA), GFP (1:500; Invitrogen, San Diego, CA), Ngn2 (1:10; gift from D. J. Anderson), and Olig2 (1:400) (Ligon et al., 2006) ; rabbit polyclonal antibodies to Caspase3 (1:1000; R & D Systems, Minneapolis, MN), GFP (1:2000; Invitrogen), Gsh2 (1:3000; gift from K. Campell, Children's Hospital Medical Center, Cincinnati, OH), NG2 (1:1000; Millipore), Olig1 (1:1000) (Mizuguchi et al., 2001) , and Olig2 (1:1000; Millipore); and rat monoclonal antibody to PDGFR␣ (1:800; BD Biosciences, Franklin Lakes, NJ). Secondary antibodies were incubated 1 h at room temperature and included the following: goat anti-mouse Alexa Fluor 488, goat anti-mouse Alexa Fluor 568, goat anti-rabbit Alexa Fluor 488, goat anti-rabbit Alexa Fluor 568, goat anti-rat Alexa Fluor 568, (1:1000; all from Invitrogen), and Cy5 conjugated goat anti-rat (1:500; Jackson ImmunoResearch, West Grove, PA). DAPI (4,6,diamidino-2-phenylindole; 1:5000) was used to label DNA, and sections were mounted in Aquapolymount medium (Polysciences, Warrington, PA). Immunofluorescence was visualized with a Leica TC SP1 confocal microscope. Images were treated using an imaging software package created by J. L. Vonesh (Institute of Genetics and Molecular and Cellular Biology, Strasbourg, France) and Adobe Photoshop.
Cell counting. Because of the important variability in OPC numbers at different rostrocaudal levels of the forebrain, the data for Figures 4, 5, and 6 were obtained by counting one series of sections covering the whole forebrain. The total number of PDGFR␣ ϩ cells in the forebrain was estimated by multiplying the number obtained from counting one series by the number of series performed (two for E12.5, three for E13.5, and four for E14.5).
Results
To begin to address the role of Mash1 in the specification of oligodendrocytes in the embryonic telencephalon, we first characterized the distribution of OPCs in this brain region and examined their expression of Mash1, using antibodies against PDGFR␣, Olig1, and Olig2, the earliest known markers for OPCs.
Olig1 and PDGFR␣ were coexpressed in a subset of cells in the VZ and subventricular zone (SVZ) of the ventral forebrain, mostly confined to a domain extending continuously from the posterior part of the MGE rostrally, to the AEP and the hypothalamic area of the diencephalon caudally ( Fig. 1 A-D) Spassky et al., 2001; Tekki-Kessaris et al., 2001; Kessaris et al., 2006) . From E11.5, when they were first detected, to E13.5, all Olig1 ϩ cells coexpressed PDGFR␣ in the VZ and the SVZ, and reciprocally, most PDGFR␣ ϩ cells coexpressed Olig1 (Fig. 1 A) . From E14.5 onwards, however, only a fraction of Olig1 ϩ cells, both in the VZ and outside of it, coexpressed PDGFR␣ ( Fig.  1 B, C Fig. 1 , available at www.jneurosci.org as supplemental material), suggesting that this later population is not engaged in oligodendrogenesis. At these early stages, expression of other early markers of oligodendritic lineage such as Sox10 and Nkx2.2, could not be detected at the protein level in forebrain OPCs (data not shown).
Mash1 is expressed by telencephalic OPCs at the time of their specification
The proneural gene Mash1 is expressed by a large fraction of VZ and SVZ progenitors throughout the embryonic ventral telencephalon (Fode et al., 2000) . We asked whether Mash1 is expressed by OPCs as soon as they are generated in the VZ and after they have begun to migrate. At E12.5, most Olig1 ϩ , PDGFR␣ ϩ cells in the VZ expressed Mash1 (83 Ϯ 2%) ( Fig. 1 F) , suggesting that Mash1 is present in OPCs at the time of their specification. Mash1 was also expressed by a fraction of OPCs that migrated away from the VZ and SVZ (57 Ϯ 8% of PDGFR␣ ϩ cells and 53 Ϯ 5% of Olig1 ϩ cells; data not shown). At E14.5, fewer ventricular Olig1 ϩ cells expressed Mash1 (69 Ϯ 4%) ( Fig. 1 H) , whereas the same proportion of migrating OPCs were Mash1 (51 Ϯ 11% of PDGFR␣ ϩ , Olig1 ϩ cells) ( Fig. 1 H) . Thus, Mash1 is expressed by many but not all early born OPCs at the time of their generation.
Mash1 was also present at E14.5 in a distinct and smaller population of OPCs located more laterally, at the border between the piriform cortex and the LGE/CGE, which coexpressed PDGFR␣ and the ventral telencephalic marker Gsh2 (supplemental Fig. 2 A, B, available at www.jneurosci.org as supplemental material).
In contrast with Olig1, which appears to be restricted to the oligodendrocyte lineage from E11.5 to E13.5, Olig2 was expressed throughout the VZ and SVZ of the ventral forebrain, including in all Mash1 ϩ cells (Fig. 1C , E, G). A small fraction of Mash1 ϩ ,Olig2 ϩ cells corresponds to PDGFR␣ ϩ OPCs (Fig.  1 E, G) , whereas another subset represents ␤III-tubulin ϩ neuronal precursors, and a third population does not express cell typespecific markers and may thus correspond to multipotent progenitors (data not shown).
Mash1 expression is restricted to a subset of telencephalic OPCs
The heterogeneity of OPCs regarding Mash1 expression could reflect differences in the timing of Mash1 expression in OPCs, or alternatively, the existence of genetically distinct lineages of oligodendrocytes in the embryonic forebrain. To distinguish between these two possibilities, we asked whether all forebrain OPCs, or only a fraction of them, originated from Mash1 ϩ cells. We used Mash1-GFP reporter mice to transiently mark the progeny of Mash1 ϩ cells with GFP and Mash1-Cre mice to irreversibly mark all cells originating from Mash1 ϩ progenitors. A transgenic line (named thereafter Mash1::GFP) in which GFP is inserted in the Mash1 gene in a BAC containing 210 kb of sequence around the Mash1 locus (Gong et al., 2003 ) expresses GFP at a high level in a pattern indistinguishable from that of Mash1 in forebrain progenitors, and expression of GFP, which is more stable than Mash1, is maintained in the progeny of Mash1 ϩ cells that have left the VZ and SVZ (Fig. 2 A) (supplemental Fig. 5A , available at www.jneurosci.org as supplemental material, and data not shown). At E12.5 and E13.5 in Mash1::GFP embryos, most PDGFR␣ ϩ OPCs expressed GFP, thus indicating that the first OPCs originate from Mash1 ϩ progenitors (Fig. 2C,H ). However, from E14.5 onwards, a significant and growing fraction of PDGFR␣ ϩ OPCs were GFP-negative, representing half of all OPCs found in the telencephalon toward the end of embryonic development (Fig. 2 E, G,H ) .
To rule out the possibility that GFP-negative OPCs in Mash1::GFP embryos have downregulated GFP, we used a transgenic line in which the Cre recombinase has been inserted in the Mash1 gene in a BAC containing 170 kb of sequence around the Mash1 locus (Mash1::Cre) (see Materials and Methods and supplemental Fig. 3A , available at www.jneurosci.org as supplemental material). The Mash1::Cre line was crossed with the reporter line Rosa26 stop-YFP (Srinivas et al., 2001 ) and analysis of double transgenic embryos (thereafter called Mash1::Cre/YFP) revealed a pattern of yellow fluorescent protein (YFP) expression in the telencephalon very similar to that of GFP in Mash1::GFP embryos (Fig. 2 B, D,F ) . At E12.5 and E13.5, most PDGFR␣ ϩ cells expressed YFP (suggesting a rate of Cre recombination of ϳ80%) (Fig. 2 D, H ) , whereas an increasing fraction of YFP-negative OPCs was found at E14.5 and E15.5 (Fig. 2 F, H ) . Given the high recombination rate calculated at early stages, the YFP-negative OPC population identified subsequently is not likely because of inefficient recombination by the Mash1::Cre line. Together with the Mash1::GFP data, it suggests instead that the embryonic telencephalon contains two genetically distinct lineages of OPCs, one produced by Mash1 ϩ progenitors, which predominates initially, and another produced by Mash1-negative progenitors that expands subsequently. The contribution of the Mash1 ϩ lineage to OPC populations varied in different telencephalic regions toward the end of embryonic development (septum, ϳ35%; striatum, ϳ50%; cortex, ϳ65%) (Fig. 2G and data not shown).
Mash1
؉ progenitors generate a subset of adult forebrain OPCs OPCs are generated in the telencephalon not only during embryogenesis but also at postnatal stages (Ivanova et al., 2003; Kessaris et al., 2006) . OPCs at postnatal stages are thought to give rise to both myelinating oligodendrocytes and quiescent OPCs (NG2 ϩ cells) (Ligon et al., 2006; Nishiyama et al., 1996) . We asked whether Mash1 ϩ progenitors contributed to the generation of OPCs in the adult forebrain. In the brain of 6 week-old Mash1::GFP mice, almost all NG2 ϩ cells in the white matter, including the corpus callosum, fimbria, and anterior commissure, were GFP ϩ (Figs. 3A, 4 and data not shown). A smaller fraction of NG2 ϩ cells in the gray matter expressed GFP (31% in the striatum, 52% in ventral SVZ, 59% in the cerebral cortex, 86% in the olfactory bulb, 100% in hippocampus) (Fig. 3B-D) . Using APC as a marker of premyelinating oligodendrocytes (Bhat et al., 1996) , we found that a smaller fraction of APC ϩ cells expressed GFP in both white (fimbria, 34%; corpus callosum, 43%; anterior commissure, 41%) ( Fig. 3E and data not shown) and gray matters (cortex, 16%; striatum, 29%; olfactory bulb, 11%; data not shown). We also found GFP ϩ cells expressing the myelinating marker CNPase (Fig. 3F ) . Similar results were obtained with the Mash1::Cre/YFP mice (Fig. 3G,H ) . These data therefore suggest that Mash1 ϩ progenitors give rise to a subset of both adult NG2 ϩ OPCs and myelinating oligodendrocytes and that these populations are likely to be genetically heterogeneous.
Mash1 is required for the generation of a subpopulation of embryonic OPCs in the telencephalon
We next asked whether Mash1 is required for the generation of OPCs in the embryonic telencephalon. PDGFR␣,Olig1 and PDGFR␣,Olig2 double-labeling experiments revealed that most early born OPCs were absent from Mash1 null mutant (Mash1 Ϫ/Ϫ ) embryos at E12.5 and E13.5 (Figs. 5 A, AЈ, 6A , B) ϩ OPCs. Schematic representation of a sagittal brain section from a 6-week-old Mash1::GFP mouse. The ratio of GFP-positive (brown/ green) to GFP-negative (brown) cells among NG2 ϩ cells varies in different gray matter regions, whereas most NG2 ϩ cells express GFP in white matter regions. AC, Anterior commissure; CC, corpus callosum; CB, cerebellum; Cx, cortex; Fi, fimbria; HP, hippocampus; OB, olfactory bulb; Str, striatum.
(supplemental Fig. 5 A, AЈ, available at www.jneurosci.org as supplemental material). This was not because of premature death, because activated Caspase3 labeling did not reveal any elevated apoptosis (data not shown), suggesting instead that Mash1 is required for the generation of most OPCs at early stages of oligodendrogenesis. Strikingly, the defect in OPC production was transient. Quantifying OPCs at later stages revealed that similar numbers of new OPC were added in Mash1 Ϫ/Ϫ and wild-type embryos between E13.5 and E14.5 (ϳ6500 and 5000 new OPCs, respectively) (Figs. 5 B, BЈ, 6B ). The production of a similar number of OPCs during this period from OPC populations that have very different sizes at E13.5 (ϳ1500 in Mash1 Ϫ/Ϫ embryos and 7500 wild-type embryos), suggests that OPCs in Mash1 Ϫ/Ϫ embryos proliferate at a much higher rate than their wild-type counterparts or, more likely, that a greater number of OPCs are specified de novo from uncommitted progenitors in mutant embryos. Indeed, BrdU incorporation experiments have not revealed significant differences in the rate of proliferation of PDGFR␣ ϩ cells between Mash1 mutant and wild-type embryos (data not shown). Examination of PDGFR␣ ϩ ,Olig1 ϩ cells in the forebrain at E17.5 showed no significant difference between wild-type and Mash1 Ϫ/Ϫ embryos (Fig. 4C,CЈ) , thus confirming that the requirement for Mash1 function in embryonic oligodendrogenesis is confined to the earliest born population of OPCs.
We attempted to track the fate of the subset of OPCs transcribing the Mash1 gene in a Mash1 null background by generating Mash1 Ϫ/Ϫ embryos carrying the Mash1::Cre-recombined YFP transgene. However, this transgene was abnormally regulated in the absence of Mash1, with virtually all cells in the ventral telencephalon expressing GFP (supplemental Fig. 5 , available at www.jneurosci.org as supplemental material). This is likely because of a loss of Notch signaling in Mash1 Ϫ/Ϫ embryos, resulting in uniform activation of the Mash1 locus in ventral telencephalic progenitors (Casarosa et al., 1999) . We were therefore unable to specifically mark Mash1 ϩ cells and their progeny in the absence of Mash1 function.
Mash1 function in oligodendrogenesis is independent from its role in neurogenesis
The loss of OPCs in Mash1 Ϫ/Ϫ embryos could reflect a direct role of Mash1 in the generation of OPCs, or a more indirect role because of its involvement in the generation of telencephalic neurons (Casarosa et al., 1999; Horton et al., 1999) , which could themselves be required for OPC specification. To distinguish between these two possibilities, we examined mice carrying a knock-in allele of Mash1 in which the coding sequence of Mash1 has been replaced by that of another proneural gene, Neurogenin2 (Mash1 KINgn2 ) (Parras et al., 2002) . In Mash1 KINgn2/Ngn2 embryos, ectopic expression of Ngn2 in the VZ of the ventral telencephalon (Fig. 7 A, AЈ) rescues the loss of neuronal precursors and of correctly specified postmitotic neurons resulting from the deletion of Mash1 (Parras et al., 2002) . Analysis of PDGFR␣ expression in Mash1
KINgn2/Ngn2 embryos revealed that the deficit in OPCs was as 
severe as in Mash1
Ϫ/Ϫ embryos ( Fig. 7B-D) . Moreover, the normal number of OPCs observed in Mash1
KINgn2/ϩ embryos indicates that Ngn2 expression is not inhibitory for oligodendrogenesis in the ventral forebrain. The lack of OPCs in Mash1
KINgn2/Ngn2 embryos is thus because of the loss of Mash1 and not to the ectopic expression of Ngn2 (Fig. 7C,D) . The role of Mash1 in oligodendrogenesis is therefore independent of the level of neurogenesis, arguing for a direct role of Mash1 in the generation of OPCs.
Mash1 interacts genetically with Olig2 for the generation of telencephalic OPCs
In addition to Mash1, the transcription factor Olig2 has also been implicated in the generation of OPCs in the embryonic telencephalon (Lu et al., 2002) . To determine whether Mash1 and Olig2 regulate OPC production independently or through a common pathway, we examined whether the two factors interact to produce OPCs. Embryos carrying mutant alleles of Mash1 and/or Olig2 were generated and examined for PDGFR␣ expression at E13.5, a stage when the generation of most OPCs depends on Mash1 function (Fig. 8) . As expected, Olig2 Ϫ/Ϫ embryos showed a complete absence of OPCs (Fig. 8) (Lu et al., 2002) . Loss of one wild-type copy of Olig2 leads to a 32% reduction in number of OPCs, whereas heterozygosity at the Mash1 locus did not affect OPC production. Embryos with one dose of Mash1 and one dose of Olig2 had a further reduction in number of OPCs (66%). Moreover, loss of one copy of Olig2 also significantly aggravated the OPC defect seen in Mash1 Ϫ/Ϫ embryos (Fig. 8 ). These data demonstrate that Mash1 and Olig2 interact genetically and suggest that the two genes act in the same pathway to specify early born OPCs in the ventral telencephalon.
Overexpression of Mash1 is not sufficient to specify OPCs
To further address the role of Mash1 in specification of OPCs, we asked whether ectopic expression of Mash1 could promote the generation of OPCs or at least the expression of OPC markers at ectopic locations. For this, we examined a mouse line in which the Mash1 coding sequence replaces the coding sequence of Ngn2, resulting in ectopic expression of Mash1 in progenitors of the dorsal telencephalon (Ngn2 KIMah1 mice) (Fode et al., 2000; Parras et al., 2002) (Fig. 9B) . PDGFR␣ was expressed ectopically in the SVZ of the lateral cortex in Ngn2 KIMash1/Mash1 embryos at E15.5 (Fig. 9AЈ,B) . We also examined other OPC markers but were unable to detect expression of Olig2, Sox10, Nkx2.2, or NG2 in this region. Only a few Mash1 ϩ ,PDGFR␣ ϩ cells also expressed Olig1 in the dorsal telencephalon of Ngn2 KIMash1/Mash1 embryos ( Fig. 9C and data not shown) . Thus, Mash1 can induce expression of PDGFR␣ but is not sufficient to activate a full program of oligodendrogenesis when ectopically expressed in dorsal telencephalic progenitors. 
Discussion
In this study, we have analyzed the role of Mash1 in the specification of OPCs, focusing on the embryonic forebrain. Our data support a role of Mash1 in the specification of a subpopulation of OPCs from multipotent progenitors: (1) Mash1 is extensively coexpressed with Olig2 in the VZ that contains multipotent stem cells, and it is expressed in OPCs as soon as they are identified in the VZ by expression of PDGFR␣ and Olig1; (2) a large subset of OPCs that appear in the ventral forebrain between E11.5 and E13.5 and express Mash1 are not generated in Mash1 null mutant embryos; (3) analysis of double-heterozygous embryos for Mash1 and Olig2 reveals an interaction between the two genes, suggesting that they both participate to the same genetic program of oligodendrogenesis; (4) forced expression of Mash1 in the embryonic cortex induces ectopic expression of the OPC marker PDGFR␣, although it is not sufficient to induce a full program of oligodendrogenesis; (5) a subset of OPCs and oligodendrocytes in the embryonic, early postnatal, and adult forebrain, including most adult NG2
ϩ OPCs, originate from Mash1 ϩ progenitors. We discuss below the role of Mash1 in oligodendrocyte specification and the heterogeneity of oligodendrocyte lineages with respect to Mash1 expression.
Mash1 function in specification of OPCs
Olig2 and Mash1 are coexpressed in the VZ and SVZ of the ventral telencephalon at the time when OPCs are specified and a fraction of Olig2 ϩ ,Mash1 ϩ cells express the early OPC markers, PDGFR␣ and Olig1. Olig2 and Mash1 are also coexpressed by neuronal precursors, marked by expression of ␤III-tubulin, as well as by cells that do not express cell type-specific markers and are presumably multipotent progenitors. Coexpression of Olig2 and Mash1 therefore does not appear to be sufficient to commit progenitors to either a neuronal or an oligodendroglial fate. Overexpression experiments of Mash1 in the dorsal telencephalon (present study; Lu et al., 2001 ) also indicate that expression of Mash1 alone is not sufficient to induce oligodendrogenesis in the telencephalon, and suggesting that the role of this factor in this lineage is context dependent.
The transcriptional mechanisms that determine the choice between neuronal and oligodendrocyte fates in ventral telencephalic progenitors remain unclear. Other factors may act in combination with Olig2 and Mash1 to specify OPCs. Gain of function experiments have suggested that Olig2 must interact with Nkx2.2 to promote oligodendrogenesis in the chick spinal cord (Zhou et al., 2001) . However, analysis of mice mutant for Nkx2.1, the paralog of Nkx2.2 in the forebrain, demonstrates that this gene is not absolutely required for oligodendrogenesis in the ventral forebrain (Tekki-Kessaris et al., 2001) , and the broad expression of Nkx2.1 in the medial part of the ventral telencephalon, including in neuronal and OPCs, indicates that the combination of Olig2 with Nkx2.1 is not sufficient to determine the oligodendrocyte fate. Olig1 is the earliest transcription factor whose expression is restricted to the oligodendroglial lineage in the early ventral forebrain. Indeed, Olig1 expression is mostly induced in VZ cells that already express PDGFR␣ and are therefore already engaged in the oligodendroglial lineage. This, together with the analysis of Olig1 mutant mice, rules out Olig1 as an important determinant of the oligodendrocyte lineage in the embryonic forebrain, involved in the specification of OPCs from multipotent progenitors. In contrast, the Sox9 gene, which is expressed broadly in the VZ throughout the CNS and is required for the specification of oligodendrocytes and astrocytes in the ventral spinal cord (Stolt et al., 2003) could work in combination with Olig2 and/or Mash1 to specify oligodendrocytes in the forebrain.
Oligodendrogenesis in Mash1 Ϫ/Ϫ embryos is significantly affected only between E11.5 and E13.5. Thereafter, OPCs are produced at an accelerated rate to compensate for the early deficit. This could reflect a vastly accelerated rate of proliferation of the OPCs present in Mash1 Ϫ/Ϫ embryos at E13.5, or an immigration of OPCs generated from more caudal Mash1-negative regions, or, more likely, an increase in the rate of specification of OPCs from uncommitted progenitors, reflecting the activity of genes capable of compensating, albeit with a delay, the loss of Mash1 function in OPC specification. Such genes may normally be in- volved in OPC generation together with Mash1, or may be involved only in the Mash1 mutant context (see Discussion on a similar issue in Pattyn et al., 2006) . The finding that Mash1 and Olig2 interact genetically suggests that the two genes act in the same pathway for the generation of OPCs. One possibility is that in the absence of Mash1, this pathway is not completely blocked, and Olig2 activity is only partially impaired, with, for example, a lower level of expression of common targets of Mash1 and Olig2. Addressing this possibility will require the characterization of the molecular mechanisms underlying the interaction of Mash1 with Olig2 in specification of OPCs.
OPCs have been shown to originate not only from the MGE but also from the LGE/CGE and the dorsal telencephalon, at late embryonic and postnatal stages, respectively (Gorski et al., 2002; Kessaris et al., 2006) . We found that OPCs located in the SVZ of the LGE during embryogenesis and in the cortical SVZ and subcortical white matter at birth and at postnatal stages, also express Mash1 (present study and Parras et al., 2004 ; and data not shown). A recent study proposed, on the contrary, that Mash1 is not expressed in OPCs of the cortical SVZ at birth and is present in the cytoplasm of OPCs from the subcortical white matter at postnatal day 14 (Gokhan et al., 2005) , probably because of a lower sensitivity and higher background of the staining procedure used in that study. In addition, analysis of Mash1::GFP reporter mice suggests that a large fraction of OPCs present in the forebrain at birth and at adult stages originate from Mash1-positive progenitors (present study). These data, together with the earlier demonstration of a deficit in OPCs in the olfactory bulb of newborn Mash1 mutant mice (Parras et al., 2004) , suggests that Mash1 may be involved in the specification of oligodendrocyte lineages at postnatal stages as well. Addressing this possibility will require the analysis of mice with a conditional ablation of Mash1.
Subsets of OPCs originating either from Mash1
؉ or from Mash1 ؊ progenitors Our study reveals that OPCs are heterogeneous with respect to Mash1 expression. This heterogeneity reflects in part the transient nature of Mash1 expression, which is initiated in OPCs as they are generated in the VZ and is turned off in OPCs migrating away from the VZ and SVZ toward (e.g., the cortex). However, characterization of OPCs at the time of their generation in the VZ and analysis of Mash1::GFP and Mash1::Cre mice to mark the progeny of Mash1 ϩ cells also shows the existence of several OPC lineages that originate from Mash1 ϩ and Mash1 Ϫ progenitors respectively, and that coexist in the brain during embryogenesis as well as in newborns and adults. Heterogeneity of embryonic OPCs with respect to expression of the markers PDGFR␣ and PLP/dm20 has been reported previously (Spassky et al., 1998 ), but there is no apparent correlation between expression of Mash1 and that of PDGFR␣ or PLP/dm20, because Mash1 ϩ progenitors give rise to only a subset of PDGFR␣ ϩ cells and PLP/ dm20 is not expressed in the embryonic telencephalon (Spassky et al., 1998 .
Different subpopulations of oligodendrocytes and their precursors have been described in the adult CNS. Oligodendrocytes are very heterogeneous morphologically, which has led to their classification into distinct subtypes (Del Rio Hortega, 1942) . In the spinal cord, expression of different combinations of the transcription factors Olig1, Olig2, and Nkx2.2 also defines several populations that mostly correspond to different stages of maturation along the oligodendroglial lineage but possibly also to functionally distinct classes of oligodendrocytes . In the brain, two populations of oligodendroglial cells expressing the chondroitin sulfate proteoglycan NG2 have been proposed. Mitotically active and bipolar NG2 ϩ cells are progenitors for myelinating oligodendrocytes (Dawson et al., 2003) , whereas quiescent and morphologically more complex NG2 ϩ cells have neurological functions, including in synaptic transmission and regeneration (Bergles et al., 2000; Butt and Berry, 2000) . Our results suggest that both Mash1 ϩ and Mash1 Ϫ progenitors contribute to these two populations in the adult forebrain. Whether Mash1 expression defines functionally distinct subtypes of oligodendrocytes in the embryonic and adult brain remains to be determined.
